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I. Abstract 
 
An issue with hot rolling of low carbon steel is that it has relatively low corrosion 
resistance and will commonly sit in coils in inventory, where rust can form easily before 
it is put to use.  The end user will have to surface treat the product to remove the rust 
or scale formed after rolling before it is used.  A new product has been developed by our 
industrial partner, Quaker Chemical Corporation, that could potentially avoid this 
unwanted oxidation after production.  At the end of the hot rolling process a chemical 
spray is applied while the steel is still at elevated temperature.  This creates a coherent 
protective oxide layer, which protects the steel from localized oxidation.  This study 
sought out to reproduce conditions in the mill, through heat treatment of steel samples 
followed by quenching with the chemical product of undisclosed composition at high 
pressure.  Characterization of the samples was done to determine relationships of 
temperature, pressure, and flow conditions on the efficacy of creating a protective oxide 
layer.  The objective was to learn as much as possible about the interaction of the 
chemical spray with low carbon steel at elevated temperatures, and potentially optimize 
the use of this spray within hot rolling mills.  It was discovered that the steel 
temperature and flow conditions during application have the greatest impact on the SB-
99S reaction, while the effects of pressure of fluid application did not give any common 
trend within the results. 
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II. Introduction 
II.I   Hot rolling process 
Hot rolled steel involves passing metal stock through a series of paired rollers to 
reduce thickness of the material.  The low carbon steel stock is heated typically to about 
1205 °C, and typically will end around the temperature of 815 to 955 °C after going 
through the final reduction pass.  The hot strip or plate will then be cooled to a range of 
510 to 730 °C using a jet water spray, or a laminar cooling process.  After this point the 
stock will be coiled or sectioned into smaller plates (bars, slabs, etc.) depending on the 
thickness and geometry of the product. [1] 
II.II Quenching 
The overall goal of quenching is to achieve a particular cooling rate to obtain a 
desired microstructure within the final product.  Quenching and tempering is commonly 
done within the steel production process to produce a tempered martensite structure, 
known for high strength and toughness with adequate ductility values [2].  Direct 
quenching and tempering (DQ&T) is commonly used.  It is the process of quenching the 
steel product immediately after the final reduction pass, followed by a tempering heat 
treatment process.  DQ&T is deemed superior to reheating and quenching due to: 
producing a high strength-toughness balance through increasing the diversification of 
microstructure and precipitation behavior, increasing weldability, as well as lowering 
costs and production time through avoiding the reheating process [3-6].  The choice of 
  
 
3 
 
quench media and the way in which it is applied to the elevated temperature surface 
will dictate the overall cooling rate for the product.  Oil, water, and brine are used, with 
increasing cooling rates respectively.  With extreme agitation, water can almost meet 
the cooling rates of brine.  All three mediums will have increased cooling rates through 
agitation [3,7].  Application of quenching media can come in the forms such as of 
ultrafast cooling, laminar flow cooling, intermediate cooling systems, high pressure 
spray, and water curtain cooling [8-10].  The type of cooling used will impact the flow 
conditions of the quench media used, as well as the resulting cooling rate within the 
rolling process. 
II.III  Scale Formation and Removal 
An unavoidable consequence of hot rolling steel is the formation of oxide on the 
surface of the product during rolling.  Oxide scale is formed through the transport of 
oxygen gas from the mill atmosphere to the hot steel surface.  The formation of scale 
produces a loss of metal, decreases the surface finish in an uneven fashion, and can 
hinder the heat extraction from the material.  The oxide that forms is a combination of 
FeO, Fe3O4, and Fe2O3 [11,12].  After scale initially forms on the steel surface, the 
growth of the oxide layer is controlled by the diffusion of iron through the oxide layer 
until it reaches the surface in which gas can interact with the iron.  This reaction will 
continue, building stresses in the scale layer, which eventually will cause the formation 
of cracks and or voids in the scale layer – causing the reaction to stop due to hindrance 
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of iron diffusion.  The scale that is formed will be removed during the rolling process 
through the use of spraying water at high pressure.  A typical setup includes descaling 
spraying at several locations such as: after the slab reheat furnace, before and after the 
reversing roughing mill, and/or before entering the finishing mill.  This is done to 
maintain a high quality surface finish of the steel product [10]. 
 At the end of the hot rolling process, there is still a need to remove oxide from 
the surface of the steel.  This is typically done with a process called pickling, which 
involves bathing the steel product in an acidic solution, like hydrochloric acid [13].  This 
produces a clean, oxide free surface for the final product at the end of production.  
While it is an effective method, the byproduct of spent pickling solution can be 
environmentally caustic, cause damage to equipment within the mill, and is considered 
to be a hazardous waste product by the Environmental Protection Agency [14-15].  
Furthermore, after the oxide layer is removed, overpickling can occur where the base 
metal of the material reacts with the acid bath [16].  Therefore reducing the need for 
the pickling process would be beneficial for any steel manufacturer from a cost savings 
standpoint. 
II.IV  Initial Mill Testing of SB-99S 
 The SB-99S is a chemical compound of undisclosed composition made by Quaker 
Chemical Corporation.  SB-99S is mixed into an aqueous solution of 30% concentration, 
and used as the final quench spray media in hot rolling applications of low alloy steels.  
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It was first tested on a small individual batch of low carbon coiled steel sheet, where it 
was used at the final quench step.  This coil of steel was placed in outdoor inventory for 
a prolonged period of time.  When the steel stock was collected months later, there was 
no visible corrosion on the steel coil surface.  Upon initial lab examination, it appeared 
that the product had a cohesive layer of a protective oxide, which explained the lack of 
localized corrosion on a low carbon steel with minimal corrosion resistance.  Creating a 
consistent even layer of oxide has several benefits. One could create a steel product 
that could last longer in inventory without localized corrosion, potentially avoid surface 
treatments before being put into use by the end user, and even limit the use of the 
pickling process.  However, before large scale industrial use can occur, the optimization 
and understanding of the use of SB-99S is critical. 
 
III. Experimental Procedure 
III.I Proposed Gleeble Experiment  
Initially the project was designed around the Gleeble 3500 thermo-mechanical 
simulator.  The goal was to use cast and machined cylindrical compression samples, 
elevate temperature, apply a stress state similar to that which would be experienced in 
the hot rolling process causing desired strains, and quench from the elevated 
temperature using SB-99S.  There were two possible tests within the Gleeble: 
compression bulge testing, as well as plane strain compression testing, also known as 
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the Watts-Ford test.  The plane strain compression test is the most commonly used 
Gleeble test for simulating rolling stress conditions, therefore this was chosen for testing 
SB-99S. 
There were multiple issues that prevented testing SB-99S with the Gleeble 
thermo-mechanical simulator.  The pump connected to the Gleeble quench system was 
limited to a maximum pressure of 100 psi (0.689 MPa), which did not provide a 
sufficient range for testing pressure effects on oxide formation.  Plane strain 
compression testing involves a set of jaws that clamp the top and bottom side of a 
rectangular test specimen, leaving a concave surface.  This concave surface would be 
fundamentally different than the horizontal steel surface in mill conditions.  Similarly, 
compression testing leaves a contoured surface after testing.  Furthermore, the load cell 
within the Gleeble 3500 consists of copper sheeting.  It was deemed unsafe for the 
equipment to use an undisclosed reactive chemical solution within the chamber.  
Therefore the furnace heat, and pump quenching method was developed to circumvent 
the need for the Gleeble 3500. 
III.II Equipment Design 
 Rather than using a thermal-mechanical simulator, a custom built test rig was 
chosen.  This required an independent heat source, an enclosure for containing the 
spray application of SB-99S solution while also holding a sample in place, and a pump for 
creating high pressure for the quench spray.  The quench spray rig was designed and 
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drawn specifically for this process through Solidworks, computer aided design software 
package. 
The rig used within the experiment consisted of two separate mobile 
components.  The first was the quench tank enclosure.  This was a rectangular enclosure 
that was made with aluminum T-slot framing, fastened to a steel base plate, and sealed 
with rubber caulking.  Use of aluminum T-slot framing facilitated assembly of the 
structure, through circumventing the need for welding, which also allowed for future 
changes to the structure if needed.  The walls of the enclosure with exception of the 
base plate, were acrylic sheet.  This allowed for easy custom drilling as well as, low cost, 
and visibility into the center of the enclosure.  Figure 1 displays a screenshot of the CAD 
file of the quench enclosure. 
 
Figure 1: CAD Design of quench enclosure 
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On the base of the enclosure, a hole was bored, and connected to a hose for drainage 
into a container on a shelf below.  This was to ensure that there could be proper 
disposal of the used SB-99S solution.  Steel was chosen for the base plate rather than 
aluminum.  This was done to ensure that if heated samples were dropped within the 
enclosure, there would be no possibility of the sample melting through the base plate.  
The steel – aluminum interface within the assembly was fastened and caulk sealed to 
the frame rather than welded, to prevent a brittle intermetallic interface. 
The sample holder was originally designed as a steel block with a grid of holes 
drilled throughout, which would function similarly to a welding table, displayed in Figure 
2.  
 
Figure 2:  Original design of sample holder for quench enclosure 
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This would have allowed for varied sample geometries and sizes.  The sample would be 
held in place by placing rods around the perimeter of the sample and into the holes 
within the sample holder.  However the drawback with this design was that it would 
increase the difficulty of inserting the sample into the enclosure in a consistent manner.  
For the sake of reliability, and in the goal of minimizing the time spent from removing 
the sample from the heat source to quenching, a simpler design was deemed necessary.  
Furthermore, a sample holder with a lower thermal conductivity was more desirable, as 
it would not act as a heat sink before quenching occurred.  Machinable alumina was 
then chosen, for the sample holder material.  Relative to steel, it has a much lower 
thermal conductivity while still being adaptable in the sense that an initial sample size 
would be milled into the plate, and could be increased later on if the 40 mm by 40 mm 
coupons were not sufficiently large.  A 50 mm by 50mm square profile was milled 
halfway into the thickness of a machinable alumina plate.  This gave sufficient space to 
slide the heated sample coupons into the sample holder with ease and consistency. 
The quench enclosure was mounted on a wheeled cart for portability and 
storage.  The cart has a lower shelf for 20 liter drainage containers, which were filled 
and returned to Quaker Chemical for proper disposal. 
The second portion of the quench rig was the mobile unit containing the pump, 
engine, and solution reservoir.  The pump used was a Hypro D252 diaphragm pump 
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connected to a gasoline powered GX160 Honda engine with electric start.  Electric 
motors would be simpler to use for a lab setting, however due to the cost, a gasoline 
powered engine was needed.  The diaphragm pump was chosen due to its ability to run 
corrosive and/or reactive fluids, without degrading performance over time.  The 
pump/engine combination had a maximum flow rate of 20 liters per minute, maximum 
pressure of 275 psi (1.89 MPa), a maximum fluid temperature of 60 °C, and contained a 
bypass and agitation line port.  Pressure within the steel mill application is roughly 2000 
psi (13.78 MPa), however the thermal vapor barrier within the mill application was not 
expected to be an issue in a lab setting with the test sample size used, therefore Quaker 
Chemical recommended a pressure capability of 200 psi (1.37 MPa).  The bypass allows 
for flow of excess fluid, as to not overload the pump.  An agitation line was a key 
feature, as the SB-99S solution was a 30% concentrated aqueous solution.  Having an 
agitation line was allowed for constant flow of fluid back into the chemical reservoir to 
ensure the homogeneity of the solution.  The quench enclosure, pump, engine, and 
solution tank can be seen in Figure 3.  
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Figure 3: Quench enclosure, pump engine combination, and solution tank 
III.III Experimental Design 
Test design was centered around determining qualitative relationships between 
pressure, steel sample temperature, and flow conditions on the efficacy of creating an 
oxide layer on the 1010 steel surface.  Samples were heated within a Thermo Fisher 
Scientific BF51800 Box Furnace.  This furnace has a maximum temperature of 1100 °C, 
with some capabilities for atmosphere controlling.  Atmosphere controlling is done by 
providing a flow of inert gas such as nitrogen or argon to the furnace chamber, however 
it is not able to prevent oxidation like one would experience with a tube furnace system.  
There is not a function to purge the chamber, other than introducing larger volumes of 
gas.   
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Samples were placed within the furnace and ramped to the desired temperature 
at the maximum ramp rate of the furnace.  After reaching the desired temperature, an 
additional 15 minutes was given to ensure the chamber was uniformly heated, and that 
the sample would be heated to the same temperature.  The sample would then be 
taken out of the furnace, and placed into the quench enclosure where it would be 
immediately quenched at the desired pressure.  Tests were performed twice to have an 
idea of consistency between identical test conditions.   
For pressure dependent tests, pressure was varied from 50 to 250 psi (0.345 to 
1.72 MPa) in increments of 50 psi.  This was full range of capability for stable pressure 
using the engine and pump combination within the quench rig.  Temperature 
dependent tests ranged from 850 to 1000 °C, also in increments of 50 °C.  Sample 
parameters are shown in Table 1. 
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Table 1: Sample Test Parameters 
 
Sample 
# Pressure (psi) Pressure (Mpa) Initial Temp 
Variable 
Pressure 
Samples 
1 100 0.689476 1000 
2 100 0.689476 1000 
  3 150 1.034214 1000 
  4 150 1.034214 1000 
  5 200 1.378952 1000 
  6 200 1.378952 1000 
  7 250 1.72369 1000 
  8 250 1.72369 1000 
  9 50 0.344738 1000 
  10 50 0.344738 1000 
Variable 
Temperature 11 150 1.034214 950 
  12 150 1.034214 950 
  13 150 1.034214 900 
  14 150 1.034214 900 
 
The temperature range was chosen based off what would be experienced within the 
steel mill application at the final quench.  Temperature within the mill was chosen for 
the facilitation of deformation, and as such cannot be greatly manipulated. Units of 
measurement were chosen based off the equipment.  The pump pressure gauge was set 
in pounds per square inch, while the box furnace measured temperature in degrees 
Celsius.  
Points of comparison were needed to verify that the oxide layers forming were 
from SB-99S reaction rather than atmospheric furnace oxidation, or simply from the 
water quench.  Therefore a set of samples was heat treated to 1000 °C, and left with the 
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scale formed within the furnace.  Furthermore, an additional set of samples was tested 
at 1000 °C, and sprayed with pure water at 150 psi (1.03 MPa). 
 Laminar flow conditions were tested in place of the high pressure application of 
the quench spray.  Samples were heated to 1000 °C, sprayed with water at 150 psi (1.03 
MPa) to break and remove the scale that had formed within the furnace, and then 
applied with the SB-99S solution through pouring rather than high pressure spraying.   
III.IV ImageJ Analysis 
Quantifying the amount of oxide produced with various test settings was done 
using ImageJ analysis, an image processing software package.  Test samples were 
imaged using a Reichert-Jung MeF3 light optical microscope, from identical fields of 
view for each comparison set.  Using the scale bar from the image, the software would 
be calibrated by pixels per µm, so that a proper area measurement could be produced.  
The images were then converted to greyscale images so that color thresholding could be 
used.  Each image was set to isolate the base metal as well as the oxide layer, as seen in 
Figure 4 a), and a measurement was taken in µm2.  The images were then set to 
threshold levels to isolate only the base metal, as seen in Figure 4 b), and another 
measurement was taken.  Thresholding is a technique that allows one to isolate 
particular areas through color and light intensity, which makes it possible to isolate the 
oxide layer from the base metal.  By taking the area measurement of the oxide level and 
dividing it by base metal with oxide, a percentage of oxide content was produced.   
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Figure 4: a) (left) Edge oxide + base metal measurement in ImageJ 
b) (right) base metal measurement in ImageJ 
 
Typically it is desirable to reduce the thickness of the oxide layer; however for 
this study the oxide layer did not stretch across the entire surface of the each sample, 
increased oxide content is desired as it suggests successful reaction between the base 
metal and the quench media and a more consistent oxide layer. [6] 
The initial tests were imaged using an individual field of view from the far edge 
of the samples, or the furthest point from the center of the sample.  This field of view 
was chosen as it was the area with the most consistent coverage of oxide.  Once the 
ImageJ analysis technique had been established with an individual frame study, it was 
extended to doing larger fields of view.  The purpose of this was to not only look at a 
larger sample sizing to observe the effects on oxide content data, but also to see if there 
was a difference from one area of the sample to the other.  The larger fields of view 
were done by stitching together 5 consecutive fields of view. 
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This is normalized for this particular field of view for the samples.  Therefore one 
could not directly compare the percentage oxide measurements taken for an individual 
field of view, and that of the stitched image tests.  The base metal to surface length 
ratio is much higher for stitched images, which explains the significantly higher 
percentage oxide numbers for the ‘edge’ field of view, than the much larger stitched 
images. 
 
IV. Results and Discussion 
 
IV.I Initial Edge Oxide Testing 
The pressure dependent data can be seen below in Figure 5.  This displays a 
general trend of decreasing oxide with increased pressure, with the exception of two 
outlier data points.  The explanation for the decreased oxide content with increased 
pressure could be attributed to the disproportional scaling of flow rate with increased 
pressure.  Within turbulent flow, the flow rate scales as the inverse square root of the 
pressure.  Essentially, the increased fluid velocity is not compensated by a larger volume 
of fluid to enable the reaction to occur.  
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Figure 5: Edge Oxide Data as a function of application pressure 
The two outlier data points within this particular image analysis are shown in 
Figure 6.  With Figure 6 a) being the 150 psi (1.03 MPa) test, and Figure 6 b) the 200 psi 
(1.38 MPa) test.  Within both cases there were significant changes to the morphology in 
the surface of the specimen caused by the formation of oxide during furnace heating.  
This high level of concavity at the surface allows for the solution to pool, and excess 
oxide forms as a result.  
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Figure 6:  Pressure dependent tests displaying the influence of curvature of test sample surface on increased oxide 
formation. A) 150 psi B) 200 psi.  These were the two outlier data points from the edge oxide pressure study 
 
 
 
Figure 7:  Percent oxide content as a function of sample temperature for the oxide field of view 
Figure 7 shows the data obtained from the temperature dependent oxide test 
from the edge field of view.  The data was consistent in the sense that there was a 
constant increase in oxide content with increased temperature.  Which agrees with the 
idea that increased temperature facilitates the reaction of SB-99S solution with the steel 
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surface.  When looking at the averaged data in Figure 8, there is a linear relationship 
between increased oxide content with increased sample pressure. 
 
Figure 8:  Average percent oxide content as a function of sample temperature for the edge oxide field of view 
 
While the initial data seemed to align with what was expected in terms of trends, 
it needed to be verified by looking at larger sample fields of view.  While these trends 
were existent for a single field of view, new trends may arise when looking at the larger 
sections of the sample.  Furthermore, by looking at stretches of both sides of the 
sample, one could see if there were any trends that would arise from the center of the 
sample, where the stream of the SB-99S made contact with the sample, and the far 
edge. 
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IV.II Stitched Data  
From the center field of view, the pressure data contains what appears to be an 
increased amount of oxide content as the pressure of SB-99S solution application is 
increased, as seen in Figure 9.  However there is a significant amount of variation within 
the averaged data.  Furthermore, the final data point of 250 psi (1.73 MPa) shows that 
there is limited amount of variation between tests, and is the lowest amount of oxide 
content between of the test parameters. 
 
Figure 9: Percent oxide as a function of solution pressure during application from the center field of view 
Figure 10 shows the data taken from the stitched images within the edge field of 
view.  There is little variation with change in pressure from the averaged data; the 
averaged oxide content remains fairly constant.  However there is significant variation in 
identical tests, as shown by the error bars within the graph.   
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Figure 10: Percent oxide as a function of solution pressure during application from the center field of view 
When comparing the content from the edge field of view to the center field of 
view for the stitched images, there is little agreement within the data.  There is a 
moderate increase with oxide content at the center with increase pressure, however the 
highest pressure produced the smallest content of oxide, and the smallest variation 
between all of the pressure dependent tests.  Meanwhile the edge field of view data 
shows no general change when looking at the average data, as seen in Figure 10.  
Therefore looking at these larger fields of view, it appears that there is not any direct 
relationship between the oxide coating and that of the application pressure.  This is 
supported further by the initial data from the single image field of view, which shows 
somewhat of a decreased oxide content with increased pressure (Figure 5).  There is no 
consistent trend amongst any of the pressure dependent data sets, which suggests a 
lack of pressure dependency within the application. 
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Temperature dependent data from the center and edge fields of view are shown 
in Figure 11.  The data from both fields of view seem to agree with the initial trend of 
increased oxide content with pressure.  There is a margin of error when looking at the 
values between identical tests, however it is much less significant when compared to 
the pressure dependent data.  Furthermore the trends for both areas of the sample are 
the same, with no conflicting results as in the pressure dependent case.  This data, in 
combination with what was seen in the individual field of view (Figures 7 & 8), strongly 
suggests increased yield from of SB-99S solution will be seen with higher temperatures 
of the steel surface during application. 
 
 
Figure 11: Percent oxide data as a function of temperature of steel test surface 
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IV.III Heat Treatment Characterization 
An area of concern was whether the increased oxide formation from higher 
temperature could be caused by increased oxidation during the furnace heating process.   
For a point of comparison, multiple samples were heat treated to 1000 °C.  Figure 12 a) 
and 12 b) show the oxide coating from a SB-99S application, whereas Figure 12 c) and 12 
d) show the oxide formation from furnace heating, with no quench application of water 
or SB-99S.   In the case of the SB-99S oxide, the typical characteristics were even 
coverage with coherence to the base metal.  In some cases, there were also thick 
globular formations of oxide as well such as Figure 12 b).  For the heat treated samples 
with no quench, the oxide formation is of a different morphology.  It is much more 
segmented as seen in Figure 12 c) and in some cases the oxide formation was more or 
less nonexistent, as seen in Figure 12 d).  Additionally, while the SB-99S quenched 
samples have a coherent interface between the oxide and the base metal, there is 
separation between the oxide formed in furnace heating. 
 
 
 
 
  
 
24 
 
 
 
Figure 12: Physical Comparison of oxide formation in SB-99S Quench at 150 psi with 1000 °C heat treatment (top) 
vs furnace oxide formation from furnace heating to 1000 °C (bottom) 
 
Another point of concern was whether the high pressure spray was solely acting as a 
scale breaker, and the visible oxide within samples was what was left over from scale breaking, 
and not from reaction with the SB-99S solution.  For a point of verification, samples were heated 
to 1000 °C and quenched with 50 psi (0.345 MPa) and 150 psi (1.03 MPa) sprayed water – 
Figures 13 and 14 respectively.  In both cases, there were sparse oxide particles; however no 
oxide layer was present.  This suggests that the high pressure spraying is effective at breaking 
the oxide formed in the furnace, and the oxide layers seen in the samples were formed through 
the reaction of the elevated temperature steel with the SB-99S solution. 
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Figure 13: Surface of the 50 psi water tested sample 
 
 
 
Figure 14: Surface of the 150 psi water tested sample 
 
 
 
IV.IV  Laminar flow Characterization 
 An unexpected observation from the image analysis was that the vertical edge of the 
samples contained much more consistent oxide coverage, such as in Figure 15.  The vertical 
surface was perpendicular to the surface that was being impacted with high pressure spray from 
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the lab quench setup.  Therefore the high pressure impact from the pump would not be able to 
affect this vertical surface area.  This could suggest that laminar flow conditions, that the vertical 
edge would experience, would be superior to the turbulent flow from the high pressure spray 
impacting the primary surface area of the samples. 
 
 
 
Figure 15: Vertical Surface oxidation within a 150 psi quench, 900 °C sample temperature 
 
Laminar flow conditions were tested through pour testing the SB-99S solution on the 
surface of the sample, after breaking the scale formed in the furnace off with a 150 psi (1.03 
MPa) spray of water.  The resulting oxide formed on the surface of the sample consisted of a 
thin layer that ran across the surface of the sample, with consistent contact with the base metal, 
and low porosity – shown in Figure 16.  The vertical edge of the sample, Figure 17, showed a 
similar quality of oxide layer with low porosity and contact with the base metal, however with a 
much thicker layer. 
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Figure 16: Oxide layer from pour test of SB-99S testing laminar flow conditions  
 
 
 
Figure 17: Vertical edge of laminar flow pour tested SB-99S  
 
 
V. Conclusions 
A laboratory simulation process for SB-99S quench in hot rolled steel was 
established.  This general process can be extended to coating reaction processes of 
many other alloy systems.  While it was used for the SB-99S reaction with 1010 steel for 
this initial study, it will be applicable to further iterations of the chemical product as well 
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as many other types of steel for testing.  The objective of the study was to develop the 
lab testing process that could create oxide layers through the SB-99S – steel reaction, 
while establishing qualitative relationships with how the chemical product behaves with 
high temperature low carbon steel.  The process was successful in creating unique oxide 
content through reaction with the SB-99S solution. The overall effects of pressure, 
sample temperature, and quench flow conditions were examined.  For the 1010 low 
carbon steel applied with the SB-99S solution, the following conclusions can be made 
based off of the collected data and microstructural characterization: 
1. Increased temperature of the sample surface gives better yield /facilitates 
oxide formation with SB-99S 
2. Pressure has no direct impact on the reaction of the SB-99S solution with 
passive oxide formation 
3. Microstructural analysis suggests that laminar flow conditions are beneficial 
for generating passive oxide layer 
 
VI. Future Work 
This study was primarily focused on developing a method for lab scale testing of the SB-
99S chemical quench product.  There is significant room for examining the potential effect on 
mechanical properties of steel with the chemically induced oxide layer on the material.  Little 
consideration was taken within this study on the comparison of cooling rates between a water 
quench and the SB-99S solution quench – which is essential to understand for the steel 
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manufacturers to produce their desired microstructures.  The heat treatment process within this 
study has potential for improvement with the use of a controlled atmosphere tube furnace, 
rather than a box furnace.   This could prevent scale formation during the heating process and 
leave a much more even surface finish for testing, however it would likely increase the difficulty 
of consistently transferring the sample from the oven to the quench enclosure.  The effects of 
laminar flow conditions were found late within the timeline of the project.  Further testing for 
verification of the quality oxide could be done with a more consistent method than manually 
pouring.  Furthermore, the volume of solution applied is a potential factor that can be examined 
further.  While this initial examination was limited to one particular alloy with one chemical 
composition for quench spray, the test method would be an effective way of testing several 
types of the chemical quench composition to gauge the effectiveness of new spray 
compositions.   Additionally, this method can be used for testing whether the SB-99S spray 
solution would be effective on many different steel compositions. 
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